Parrots are one of the most colourful groups of bird. Their vivid primary hues have played important roles in human societies, from the Pueblo culture in North America revering the red feathers of imported scarlet macaws (Ara macao) to Australian aboriginals including indigenous parrots in dreamtime stories. The vast majority of bright yellow and red birds colour their feathers using carotenoid pigments that are ultimately obtained from the diet. However, as has been known for over a century, parrots do things differently [1] . Despite absorbing and circulating dietary carotenoids in their blood, parrots do not deposit them in feathers, but instead use a unique group of yellow and red pigments called 'psittacofulvins' ('parrot yellows'). These pigments are likely to have played a large role in the evolutionary success of parrots. The first chemical structures of psittacofulvins were only determined earlier this century, in a study showing that red pigments in the scarlet macaw are long-chain conjugated aldehydes termed polyenals [2] . Subsequently, these same pigments were shown to be responsible for the red, orange and pink feathers in many other parrot species [3] . However, the genetic mechanisms of psittacofulvin production remained unknown. Now, using a mutation in captive budgerigars (Melopsittacus undulatus), Cooke et al. [4] have identified a gene responsible for yellow psittacofulvin production that leads to key insights into psittacofulvin biochemistry and evolution, and which provides interesting comparisons to carotenoid-based colouration.
Wild-type budgerigars of both sexes have yellow feathers containing yellow psittacofulvins and green feathers with a combination of yellow psittacofulvins and blue colouration that is generated by feather microstructures (Figure 1) .
Budgerigars with the blue mutation lack yellow psittacofulvins, so that feathers that are yellow in the wild-type are white in blue mutant birds, and feathers that are green in wild-type are blue ( Figure 1 ). The blue mutation is inherited as an autosomal recessive allele, and Cooke et al. [4] reasoned that if the mutation arose recently, there should be limited recombination in the surrounding chromosome. They thus performed a genome-wide association study (GWAS) by sampling genetic variation at discrete sites across the genome rather than using whole genome sequencing. The strategy worked and a single peak of association between the blue phenotype and genotypic variation was found on chromosome 1, spanning 400 megabases. This interval contains 11 annotated genes in the budgerigar genome, 9 of which are expressed in developing feathers, where psittacofulvin production is thought to occur. Assaying coding variation in one of these genes, MuPKS, revealed a potential smoking gun: a single amino acid change that is perfectly associated with the blue mutation in a sample of 250 budgerigars.
In elegant functional experiments, the authors confirmed a role for MuPKS in yellow colouration, and the importance of the point mutation. Yeast cultures expressing wild-type MuPKS produced three yellow pigments with an identical chromatography profile to pigments isolated from yellow budgerigar feathers. In contrast, MuPKS from blue budgerigars, and wild-type MuPKS engineered to have the same point mutation do not produce yellow pigments when expressed in yeast. Surprisingly, evidence for the chemical nature of yellow psittacofulvins has previously been limited. Here, using mass spectrometry the authors show that the three yellow psittacofulvins are likely to be polyunsaturated, conjugated fatty acids containing 14, 16 and 18 carbon atoms.
MuPKS is a member of the polyketide synthase family of genes, which are mostly known from bacteria, fungi and plants [5] . Polyketide synthases generate conjugated fatty acids and other products by addition of two carbon units at a time in a cyclical fashion akin to fatty acid synthases, the enzymes working overtime to produce saturated (unconjugated) fatty acids in the human obesity crisis. Thus, the identification of MuPKS provides evidence for a highly plausible scheme for yellow psittacofulvin synthesis that uses two carbon building blocks derived from the ubiquitous metabolite acetyl CoA [2] . Moreover, the red polyenal psittacofulvins could be readily generated from the yellow fatty acid psittacofulvins by reduction of the terminal carboxylic group to an aldehyde, using an as yet unidentified reductase enzyme. This strongly argues for yellow psittacofulvins and hence yellow/green colouration being the initial evolutionary innovation in parrots, with derived red psittacofulvins evolving later. Interestingly, this mirrors the situation with carotenoid colouration in birds, where red carotenoids are usually metabolically derived from yellow carotenoids [6] .
This still leaves the question of how the novel ability to synthesise yellow psittacofulvins arose in parrots. Here came the real surprise: homologues of MuPKS are present in the genomes of other birds, such as chickens; and when the chicken homologue is expressed in yeast -lo and behold -yellow pigments are produced! So the key to this evolutionary innovation in parrots is not the gain of a new enzyme function but novel co-option of a preexisting enzyme function into developing feathers. This again has parallels with the situation with carotenoids, where the acquisition of red carotenoid colouration in birds is likely to have involved the cooption of a gene whose original function was in the retina [7, 8] .
But what do MuPKS homologues do in other birds, and is this function also present in parrots? Here, the trail runs cold. Rather than being involved in production of a yellow pigment, the polyketide synthase likely has some other conserved function across birds, but existing gene expression data from a few adult tissues in a couple of species provide few clues [4] . The only other vertebrate for which we have functional information on the polyketide synthase is the medaka fish (Oryzia latipes), where the homologous OlPKS gene has a completely different role, controlling otolith development in the inner ear [9] . If MuPKS retains a second, ancestral function in parrots, the blue budgerigar should show another phenotype, yet wild-type and blue budgerigars are not reported to differ in anything but colouration; more systematic investigation of the phenotype of blue budgerigars seems worthwhile. An alternative possibility is that MuPKS has an undetected gene duplicate in the budgerigar genome that is functionally active. It is going to be fascinating to see the resolution of these questions in future work.
A broader issue is why carotenoidbased plumage colouration arose more than 50 times during avian evolution [10] whereas psittacofulvin-based colouration probably arose only once, especially given that the diversity of colours produced by these two sets of pigments is remarkably similar [11] . It seems likely that there are differences in genetic constraints on the evolution of these mechanisms among lineages, but we will need much more information on the genetics, physiology and biochemistry of both psittacofulvin and carotenoid pigmentation to meaningfully address this issue. Another intriguing possibility is that differences in the function of colouration could lead to different use of pigments. Yellow/red colouration based on carotenoids often functions in sexual selection, with brightly coloured males being more attractive to females or outcompeting other males in contests [12, 13] . Unfortunately, studies on the adaptive function of parrot colouration lag far behind. There are cases where red colouration in parrots can be condition-dependent [14] , which could hint to a potential role in sexual selection. The predominantly green colouration of both sexes in many parrots might suggest a potential role in concealment during foraging on fruit in trees, but this idea does not appear to have been tested. There are enormous opportunities for further work in this area.
Finally, the study of Cooke et al. [4] represents just the first step in mining colour polymorphisms in captive parrots for genes with important roles in the evolution of bird colouration. In addition to budgerigars, several other species, most notably lovebirds (Agapornis), have multiple colour mutants. Most excitingly, there are mutants affecting structural colouration [15] , whose genetic basis is unknown in any bird, and which can be regarded as the 'final frontier' in the genetics of plumage colouration.
